Abstract. We construct self-consistent equilibrium sequences of general relativistic, rotating neutron star models. Special emphasis in put on the determination of the maximum rotation frequency of such objects. Recently proposed models for the equation of state of neutron star matter are employed, which are derived by describing the hadronic phase within the many-body Brueckner-Bethe-Goldstone formalism, and the quark matter phase within the MIT bag model using a density dependent bag constant. We find that the rotational frequencies of neutron stars with deconfined quark phases in their cores rival those of absolutely stable, self-bound strange quark matter stars. This finding is of central importance for the interpretation of extremely rapidly rotating pulsars, which are the targets of present pulsar surveys.
Introduction
Bulk properties of neutron stars are determined by the equation of state (EOS) of nuclear matter up to very large values of density (Shapiro & Teukolsky 1983) . In fact, matter in the cores of neutron stars possesses densities ranging from a few times n 0 (≈ 0.17 fm −3 , the normal nuclear matter density) up to one order of magnitude higher. However, the EOS of dense matter over such a large density interval is only poorly known. In the most simple model, a neutron star is constituted of neutrons. Only at a slightly more accurate representation, a neutron star will contain neutrons and a small number of protons whose charge is balanced by leptons. Because of the extreme densities in the interior of a neutron star, the neutron chemical potential will exceed the mass (modified by interactions) of various members of the baryon octet. So in addition to neutrons, protons, and electrons, neutron stars may be expected to have populations of hyperons which together with nucleons and leptons are in a charge neutral equilibrium state. A comprehensive description of neutron star matter should thus account not only for nucleons and leptons, but also for hyperons, mesons, and the plausible transition to a quark-gluon plasma state (Witten 1984 , Baym et al. 1985 , Glendenning 1990 .
Because of the unprecedented advances in observational astronomy, one may hope that measurements of neutron star parameters will soon constrain theories of dense matter. The detection of radio pulsars spinning in the sub millisecond range, for instance, could put severe constraints on the EOS of superdense matter. Radio pulsars are stable rotators which can be treated as uniformly rotating bodies (Weber 1999) . Their stable rotation frequencies are bound from above by the Kepler frequency Ω K . We recall that for rotation at frequencies Ω > Ω K mass shedding at the star's equator sets in by which the star becomes unstable. For that reason Ω K sets an absolute upper limit on stable rotation. The actual value of Ω K depends sensitively on the EOS (Friedman et al. 1986; Friedman et al. 1989 , Lattimer et al. 1990 Cook et al. 1994; Salgado et al. 1994; Weber 1999 ). An EOS which predicts Kepler frequencies that are smaller than the observed rotational frequencies is to be rejected as it is incompatible with observation.
In this paper we present results obtained for uniformly rotating configurations at their respective Kepler frequencies. We have used the improved Hartle method to construct models of general relativistic, rotating neutron stars (Hartle 1967; Weber 1999) . As far as the dense matter EOS is concerned, three different descriptions are used, each one being based on the microscopic many-body Brueckner-Bethe-Goldstone (BBG) theory (Baldo 1999) . The first EOS describes hadronic matter with nucleons and leptons in beta-equilibrium (Baldo et al. 1997) , whereas the second one includes the presence of all hyperons (Σ − and Λ) that become populated in neutron star matter up to the highest densities relevant for neutron stars (Baldo et al. 2000a) . The third EOS takes into account the phase transition from hadronic matter to quark matter inside a neutron star (Burgio et al. 2002a (Burgio et al. , 2002b . For deriving this equation of state, we describe the hadronic phase in the framework of the BBG theory, and the deconfined quark phase within the popular MIT bag model (Chodos et al. 1974) . The bag constant, B, which is a parameter in this model, is constrained to be compatible with the recent experimental results obtained at CERN on the formation of a quark-gluon plasma (Heinz 2000) , and it turned out to be density dependent. We have calculated the structure of neutron star (NS) interiors with the EOS comprising both phases, and we found that the NS maximum masses fall in a relatively narrow interval of
For the adopted EOSs, we calculate the values of the Kepler frequency for each stellar configuration rotating at the mass shedding limit. We find that only stellar equilibrium configurations made up of deconfined quarkhadron matter in their interiors determined for an effective density-dependent bag constant, can rotate at periods less than 0.5 milliseconds. Such rapid rotation rates are neither possible for purely hadronic stars nor for neutron stars with a hadron-quark phase transition computed for a constant bag constant. It was commonly believed that only absolute stable strange stars can rotate very rapidly (Weber 1999) . Our findings suggest, however, that pulsars, rotating faster than 0.5 ms, could be interpreted as conventional (gravitationally bound) neutron stars with a transition to a deconfined quark phase at their centers. This paper is organized as follows. In Section 2 we briefly illustrate the formalism of the BBG many-body theory. Then we proceed to discuss the hadron-quark phase transition within the MIT bag model, supplemented with a density dependent bag constant, B. In Section 3 we recall the improved Hartle method adopted for solving the stellar structure equations. In Section 4 we show our results for both nonrotating as well as for rotating neutron and hybrid stars. In particular we discuss the consequences of using an effective bag constant for the calculation of the Kepler frequency. Finally in Section 5 we draw our conclusions.
Equations of state of neutron star matter
We start with the description of the hadronic phase, for which we have adopted the Brueckner-Bethe-Goldstone (BBG) theory. This microscopic many-body approach is based on a linked cluster expansion of the energy per nucleon of nuclear matter (Baldo 1999) . The basic ingredient is the Brueckner reaction matrix G, which is the solution of the Bethe-Goldstone equation
where V is the bare nucleon-nucleon (NN) interaction, n is the nucleon number density, and ω the starting energy. The single-particle energy e(k) (assumingh=1),
and the Pauli operator Q constrain the propagation of intermediate baryon pairs above the Fermi momentum. The Brueckner-Hartree-Fock (BHF) approximation for the single-particle potential U (k; n) using the continuous choice is
where the subscript "a" indicates antisymmetrization of the matrix element. Due to the occurrence of U (k; n) in Eq. (2), they constitute a coupled system of equations that has to be solved in a self-consistent manner for several Fermi momenta of the particles involved. In the BHF approximation the energy per nucleon is
In this scheme, the only input quantity we need is the bare NN interaction V in the Bethe-Goldstone equation (1). Higher order correlations have been proved to be negligible over the considered density range (Baldo et al. 2000b (Baldo et al. , 2001 . In this sense the BBG approach can be considered as a microscopic one. However, it is well known that non-relativistic many-body theories fail to reproduce the correct nuclear matter saturation point. In order to correct this deficiency, three-body forces (TBF) are usually introduced. The corresponding nuclear matter EOS fulfills several essential requirements, namely (i) it reproduces the correct nuclear matter saturation point n 0 , (ii) the incompressibility is compatible with the values extracted from phenomenology, (iii) the symmetry energy is compatible with nuclear phenomenology, (iv) the causality condition is strictly fulfilled (Baldo et al. 1997 ).
In the calculations reported here, we have used the Paris potential (Lacombe et al. 1980) as the two-nucleon interaction and the Urbana model UVII as three-body force (Carlson et al. 1983; Schiavilla et al. 1986) .
Recently, we have included the hyperon degrees of freedom within the same approximation to determine the nuclear EOS needed to describe the interiors of neutron stars (Baldo et al. 1998 (Baldo et al. , 2000a . We have included the Σ − and Λ hyperons. To this purpose, one needs also nucleon-hyperon (NH) and hyperon-hyperon (HH) interactions. Because of a lack of experimental data, the hyperon-hyperon interaction has been neglected in the first approximation, whereas for the NH interaction the Nijmegen soft-core model (Maessen et al. 1989 ) has been adopted. Once hyperons and leptons are introduced, the EOS can be calculated for a given baryon composition.
The equation of state of hadronic matter is shown in Fig. 1 of baryonic degrees of freedom and to the attraction felt by the Σ − in the nucleonic medium. However, it turns out that this EOS produces a maximum neutron star mass that lies below the canonical value of 1.44 M ⊙ (Taylor & Weisberg 1989).
We now turn to the description of the deconfined quark phase. To describe this phase, we have used the MIT bag model (Chodos et al. 1974 ). In this model, the total energy density is the sum of a non-perturbative energy shift B, the bag constant, and the kinetic energy for noninteracting massive quarks of flavors f with masses m f and Fermi momenta k
, where n f denotes the density of quark flavor f ]:
F /m f . The u and d quarks are considered to be massless, whereas the s quark mass is taken to be 150 MeV. In the original MIT bag model, the bag constant B has a value of B ≈ 55 MeV fm −3 , which is quite small when compared with the ones (≈ 210 MeV fm −3 ) estimated from lattice calculations (Satz 1982) . In this sense B can be considered as a free parameter of the model. In an earlier work, Burgio et al. (2002a) have proposed a method to constrain B from experimental data obtained at the CERN SPS, where several experiments using high energy beams of Pb nuclei reported (indirect) evidence for the formation of a quark-gluon plasma (Heinz 2000) . According to the analysis of those experiments, the quarkhadron transition takes place at about seven times normal nuclear matter energy density (ǫ 0 ≈ 156 MeV fm −3 ). By assuming that the transition to the quark-gluon plasma is determined by the value of the energy density only, Burgio et al. (2002a) found that a density dependent bag parameter is needed in order to reproduce correctly the experimentally found value of the energy density at the hadronquark transition point. More specifically, a Gaussian-like or a Woods-Saxon-like density dependence of B has been assumed, and parameters fitted in order to correctly reproduce the experimentally found transition point. More details are given in (Burgio et al. 2002a (Burgio et al. , 2002b . We display in Fig. 2, panel (a) , the bag constant B as function of the baryon density n in the case that the assumed parametrization is a Gaussian.
Once the density dependence of B is established, the composition of electrically charge neutral, β-stable quark matter can be determined. In order to determine the density range over which both the hadron and the quark phases coexist, we proceeded according to the Glendenning (1992) prescription. In this procedure both hadron and quark phases are allowed to be electrically charged while, at the same time, preserving total charge neutrality. The pressure is the same in the two phases to ensure mechanical stability, while the chemical potentials of the different species are related to each other through baryon number conservation and electric charge conservation.
The resulting EOS for neutron star matter, for the Gaussian-like bag parametrization, is displayed in Fig. 2,  panel b) , where the shaded area indicates the mixed phase region. A pure quark phase is present at densities above the shaded area and a pure hadronic phase is present below it. Moreover, the onset density of the mixed phase turns out to be slightly smaller than the density for hyperon formation in pure hadronic matter. Of course hyperons are still present in the hadronic component of the mixed phase.
Hartle's stellar structure equations
The construction of general relativistic rotating neutron star models is a very complicated task (see, for instance, Butterworth & Ipser 1976; Friedman, Ipser & Parker 1986 Komatsu, Eriguchi, & Hachisu 1989; Lattimer et al. 1990; Salgado et al., 1994 .) An attractive alternative to the exact numerical treatment of Einstein's equations for a rapidly rotating object is provided by Hartle's method (Hartle 1967; Hartle & Thorne 1968) . In this model, the metric has the form
where ν, ψ, µ, λ denote metric functions and ω is the angular velocity of a local inertial frame. In Hartle's method, the metric functions are approximated by (Hartle 1967; Hartle & Thorne 1968) 
. (10) The quantity Φ(r) in Eq. (7) denotes the metric function of a spherically symmetric object, m(r) the mass within r for the corresponding spherical star, and P 2 the Legendre polynomial of order 2. The functions m 0 , m 2 , h 0 , h 2 , and v 2 , all functions of r, ω, and Ω, are to be calculated from Einstein's field equations and are given as solutions of Hartle's stellar structure equations (for more details see Hartle 1967; Hartle & Thorne 1968 , Datta 1988 , Weber 1999 . The general relativistic Kepler frequency, denoted by Ω K , is given as a solution of (Friedman et al., 1986; Weber 1999 )
where V denotes the orbital velocity measured by an observer with zero angular momentum in the φ-direction. Primes refer to derivatives with respect to the radial Schwarschild coordinate. All quantities in Eqs. (11) and (12) are to be evaluated at the star's equator. The essential point of the work by is that Eqs. (11) and (12) are to be understood as transcendental equations in the Kepler frequency, in which all quantities on the right depend on this frequency. This imposes a self-consistency condition on the Einstein equation when solved for a star rotating at its general relativistic Kepler frequency (Weber & Glendenning 1992; Weber 1999) , which leads to a very good agreement between the Kepler frequencies computed for Hartle's method (Weber & Glendenning 1991a) and those obtained by an exact numerical solution of Einstein's equations (Friedman et al. 1986; down to rotational Kepler periods of P K ∼ 0.5 ms (Weber & Glendenning 1992; Weber 1999) . A detailed description of how to compute the Kepler frequency for a given model for the EOS is described in , Weber & Glendenning (1991b) , and Weber (1999) and will not be repeated here.
Results and discussion
In Figure 3 we plot our results obtained for non-rotating neutron stars (dot-dashed line) as well as for neutron stars rotating at their respective, self-consistent Kepler frequencies (solid line). The vertical axes display the gravitational mass (in units of solar mass) as a function of central star density, ǫ c , normalized to the saturation value of infinite nuclear matter, ǫ 0 = 156 MeV fm −3 . On the righthand side in Fig. 3 we illustrate the gravitational mass as function of the equatorial radius. The top panels show results for neutron star matter composed of only nucleons and leptons (EOSa). Hyperons, in addition to nucleons and leptons are taken into account in the central panels (EOSb). The bottom panels show equilibrium configurations of neutron stars, referred to as hybrid stars, composed of hadronic matter in the outer layers, followed by a mixed phase of quarks and hadrons at higher densities, and a pure quark matter core in their centers (EOSc).
Our results for the gravitational mass, normalized central density, equatorial radius, and Kepler frequency for the maximum mass configuration are displayed in Table 1 for the EOSs of this paper. One sees an enhancement of the gravitational mass for rotating configurations, relative to the spherical star model of the same central energy density. This enhancement lies in the range between ≈ 14% and 17%, depending on the underlying EOS. Correspondingly, for the same value of the gravitational mass, a rotating configuration is characterized by a central density which is smaller than the one of the corresponding non-rotating star. This is due to the appearance of the centrifugal forces, which effectively stiffen the equation of state. Moreover, the mass increase is accompanied by a relatively large increase of the equatorial radius, since the star has acquired a significant deformation due to rotation. A striking difference between the purely hadronic stars (EOSa and EOSb) and the hybrid stars (EOSc) concerns their compactness. In fact, for a fixed value of the gravitational mass, hybrid stars are characterized by a larger central energy density and a smaller radius than their hadronic counterparts. This holds for both the static configurations as well as the ones rotating at their mass shedding limits. This has important consequences for the calculation of the limiting Kepler frequency. Table 1 . Calculated properties of non-rotating (Ω K = 0) and rotating limiting-mass neutron star models.
In Figure 4 we display the values of the Kepler periods P K = 2π/Ω K in milliseconds versus the rotational star mass. The shaded area represents the current range of the observed data. We notice that the observed periods are always larger than the absolute limiting Kepler values, and therefore all EOSs studied in this paper are so far compatible with the observational data. The thin dotted line represents the values of the Kepler periods obtained for stellar matter composed of only nucleons and leptons, whereas the thin long-dashed line displays values for stellar matter with hyperonic content. In both cases, the limiting mass configurations are characterized by values of the Kepler period larger than half a millisecond, in agreement with results usually found in the literature (Weber, 1999) .
On the other hand, the Kepler periods calculated for hybrid stars (thick lines) can in some cases be smaller than half a millisecond for configurations rotating at or slightly below the mass shedding limit. This holds for the configurations lying on the thick solid line, which have been obtained using a Gaussian parametrization of the bag constant in the quark matter EOS. This result does not depend on the particular parametrization we have chosen for the bag constant B. In fact, stellar configurations obtained with a Woods-Saxon-like bag parametrization (thick dashed line) do show the same behavior.
For completeness, we show in the same figure the Kepler periods of hybrid stars computed for a quark mat- (thick dot-dashed line). In this case, no equilibrium configuration can rotate at Kepler periods smaller than half a millisecond. This is due to the fact that the increase of pressure with baryon density in the pure quark phase is less pronounced than in the case of a density dependent B, as shown in (Burgio et al., 2002a) . Therefore, we deduce that only hybrid stars with a quark phase constructed by using a realistic EOS associated with a density-dependent bag constant, can rotate faster than half a millisecond. From this point of view, their behavior is therefore very similar to the one of absolute stable strange stars (Weber 1999) , which are usually believed to be the only ones able to rotate at such small periods.
Summary
In this work we have constructed sequences of equilibrium configurations of general relativistic, rotating neutron stars up to the limiting-mass model. For this purpose we have employed three different equations of state derived by describing the hadronic phase in the framework of the many-body Brueckner-Bethe-Goldstone theory, and the quark phase within the MIT bag model supplemented by a density dependent bag constant B, as suggested by experiment. We have investigated the impact of the nuclear equation of state on the structure of nonrotating as well as rotating neutron star models, for which we have applied an improved version of Hartle's method developed by . In essence, we have found that neutron stars made of purely hadronic matter cannot rotate faster than half a millisecond. On the contrary, this turns out to be possible for neutron stars with a core made of deconfined hadronquark matter, and characterized by a mixed phase computed from a quark matter EOS with an effective, density dependent bag constant. In the case of a constant bag constant, the increase of the pressure with the baryon density in the pure quark phase turns out to be weaker and no superfast rotation will be possible.
We thus conclude that the possible discovery of very rapidly rotating pulsars, which are being actively searched for by upgraded radio telescopes and the latest generation of X-ray satellites, could not only be a signature of the existence of absolute stable strange stars, as commonly believed, but also of a neutron star with deconfined quark matter in its interior.
